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Magnetotransport properties are investigated in a high-mobility two-dimensional electron system
in the strained Si quantum well of a (100) Si0.75Ge0.25/Si/Si0.75Ge0.25 heterostructure, at temper-
atures down to 30mK and in magnetic fields up to 45T. We observe around ν = 1/2 the two-flux
composite fermion (CF) series of the fractional quantum Hall effect (FQHE) at ν = 2/3, 3/5, 4/7,
and at ν = 4/9, 2/5, 1/3. Among these FQHE states, the ν = 1/3, 4/7 and 4/9 states are seen for
the first time in the Si/SiGe system. Interestingly, of the CF series, the 3/5 state is weaker than
the nearby 4/7 state and the 3/7 state is conspicuously missing, resembling the observation in the
integer quantum Hall effect regime that the ν = 3 is weaker than the nearby ν = 4 state. Our data
indicate that the two-fold degeneracy of the CFs is lifted and an estimated valley splitting of ∼ 1K.
PACS numbers: 73.43.Qt,72.20.My,73.63.Hs
The composite fermion (CF) model[1, 2, 3, 4, 5, 6] has
been very successful in explaining the principal fractional
quantum Hall effect (FQHE) sequences of ν = p/(2p±1)
(p = 1, 2, 3...) around the Landau level filling ν = 1/2.
In this model, two fictitious flux quanta are attached
to each electron. The so-formed new particles, com-
posite fermions, can be treated as independent particles,
and they move in a reduced effective magnetic (B) field,
Beff = B − 2nh/e. At ν = 1/2, Beff = 0 and the CFs
form a Fermi sea. When Beff deviates from zero, Landau
quantization of the cyclotron orbits of CFs breaks up the
CF energy continuum into discrete Landau levels, giving
arise to integer quantum Hall effect (IQHE) states. The
IQHE of the CFs at filling factor p corresponds to the
FQHE of the electrons at ν = p/(2p± 1).
So far, research on CFs has mainly been carried
out in the two-dimensional electron system (2DES) in
the lattice-matched GaAs/AlxGa1−xAs heterostructures.
Applicability of the CF model in other material sys-
tems, especially the strained Si quantum well in the
Si/Si1−xGex heterostructure, has not been tested exper-
imentally. In comparison to the GaAs/AlGaAs systems,
its multi-valley band structure, large electron effective
mass and g-factor, and negligible spin-orbit interaction
are expected to introduce new degrees of freedom into
the CF physics. Over the past ten years, the quality
of strained Si has been continuously improving[7, 8, 9]
and a low-temperature 2DES mobility as high as µ ∼
600,000 cm2/Vs has recently been reported[10]. How-
ever, high magnetic field measurements at dilution re-
frigerator temperatures are lacking and very few FQHE
states have so far been observed. In fact, to date, only
the two FQHE states at ν = 2/3 and 4/3 are firmly
established [11, 12, 13, 14, 15]. Worse yet, the most
prominent ν = 1/3 FQHE state is still missing from ob-
servation and the question whether the FQHE sequences
in strained Si still follow the two-flux CF series has thus
remained unanswered.
In this paper, we report the magnetotransport data in
a high-mobility 2DES realized in the strained Si layer of a
(100) Si0.75Ge0.25/Si/Si0.75Ge0.25 quantum well structure
at temperatures (T ) down to 30mK and in magnetic (B)
fields up to 45T. Around ν = 1/2, we observe the princi-
pal FQHE states at ν = 2/3, 3/5, 4/7, and at ν = 4/9,
2/5, 1/3 — the two-flux CF series. This result demon-
strates that the CF model still applies in the Si/SiGe sys-
tems. Interestingly, of the p/(2p±1) CF series, the 3/5
state is weak compared to the nearby 4/7 state and the
3/7 state is conspicuously missing, resembling the situa-
tion in the integer quantum Hall effect regime where the
ν = 3 state, due to the small valley splitting, is weaker
than the nearby ν = 4 state. In addition to the prin-
cipal FQHE states, weak ρxx minima are also observed
at ν = 4/5 and ν = 8/11 around the even denominator
ν = 3/4 fraction, as well as the ν = 4/3 and 8/5 FQHE
states between ν = 1 and 2. For ν < 1/3, an insulating
phase takes place and no FQHE states are seen. The
energy gap of the ν = 1/3 FQHE state obtained from
activation measurement is ∆1/3 = 0.8K.
The specimen is an MBE grown, modulation doped
n-type Si0.75Ge0.25/Si/Si0.75Ge0.25 heterostructure. The
strained Si quantum well is 15 nm wide. Details of the
growth and the sample structure can be found in Ref.
[9]. Ohmic contacts to the 2DES were made by evapo-
rating Au/Au:Sb and annealing at 370oC in a forming
gas atmosphere. At T ∼ 30mK, the 2DES has a density
n = 2.7×1011cm−2 and mobility µ = 250,000cm2/Vs, af-
ter low temperature illumination by a red light-emitting
diode. Standard low-frequency (∼ 7Hz) lock-in tech-
niques were used to measure the magnetoresistivity ρxx
and the Hall resistivity ρxy.
Fig. 1 shows the ρxx and ρxy traces, taken at T = 30
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FIG. 1: Diagonal resistivity ρxx and Hall resistivity ρxy of
the 2DES in a strained Si quantum well at T = 30mK. The
2DES has a density n = 2.7 × 1011cm−2 and mobility µ =
250, 000cm2/Vs. Major fractional quantum Hall states are
marked by arrows. The insert shows the electron Landau
level diagram. Γ shows schematically the level broadening.
mK. In the low B field regime, the Shubnikov-de Haas
oscillations are clearly resolved up to ν = 36. The odd
integer quantum Hall state, with an energy gap reflecting
the small valley splitting of the 2D electrons, appears at
as early as ν = 11. These features manifest the high
quality of our sample. Between ν = 3 and 4 and between
ν = 4 and 5, noticeable ρxx dips are observed at ν = 7/2
and 9/2. In the lowest Landau level between ν = 1 and
2, two FQHE states, 8/5 and 4/3, are present. Similar
to previous studies, the ν = 5/3 state is missing[13].
For ν < 1, the FQHE states are observed at ν = 1/3,
2/5, 4/9, 4/7, 3/5, and 2/3. Weak ρxx minima are also
observed at ν = 4/5 and 8/11. Evidence of the ν = 2/5
FQHE state was first reported by Dunford et al . in Ref.
[13]. However, only in this high quality sample the forma-
tion of the ν = 2/5 FQHE state is unambiguously estab-
lished: Its ρxx is virtually zero within our experimental
resolution and ρxy shows a well-developed plateau. The
ν = 4/7 and ν = 4/9 states are seen for the first time.
Interestingly, while the ν = 4/7 and 4/9 states show well-
developed ρxx minima, the ν = 3/5 state is weaker than
the nearby ν = 4/7 FQHE states and the ν = 3/7 state
is missing. When ν < 1/3, the sample has entered into
an insulating phase and no FQHE states are observed.
The most striking feature in this figure is the obser-
vation of a well-developed FQHE at ν = 1/3. To our
knowledge, this is the first time that the ν = 1/3 state
has been observed in the Si/SiGe system. In ρxx, the
minimum has reached a low value of ∼ 50Ω/square, and
the temperature dependent measurements show that the
ρxx is thermally activated. In ρxy, an apparent plateau
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FIG. 2: (a) ρxx vs. B at selected temperatures. The inset
shows the transition from the ν = 1/3 FQHE state to the
high B insulating state. The critical B field is indicated by
the arrow marked Bc and the critical resistivity is ρxxc ∼
80kΩ/square. (b) Temperature dependence of ρxx minima of
the FQHE states at ν = 1/3, 2/5, 4/9, and 4/7. Lines are
linear fits to the data points and the energy gaps ∆4/9 ∼
∆4/7 ∼ 0.2K, ∆1/3 ∼ 0.8K and ∆2/5 ∼ 1.3K.
accompanies the ρxx minimum. We note that its quan-
tization, however, is not exact. Since our sample is not
patterned into a Hall bar, contact misalignment is likely
to happen and the final value of ρxy may be contaminated
with a component of ρxx. The usual method to show and
eliminate this ρxx mixing effect is to reverse the B field
direction, which, unfortunately, could not be done with
the hybrid magnet in our experiment. The mixing from
the strongly increasing ρxx, as the insulating phase is ap-
proached, gives rise to the continuous drop of ρxy when
the B field is further increased beyond ν = 1/3.
Fig. 2a shows the temperature dependence of ρxx for
ν < 1. In Fig. 2b the ρxx minima at ν = 1/3, 2/5, 4/9,
and 4/7 are plotted as a function of 1/T on a semi-log
scale. For all four states, ρxx shows the thermally acti-
vated behavior, as expected, and the energy gaps for the
ν = 1/3 and 2/5 states, obtained by fitting the linear
portion of the data to ρxx ∝ exp(-∆/2kBT), are ∆1/3 ∼
0.8K and ∆2/5 ∼ 1.3 K. (For the ν = 4/9 and ν = 4/7
states, the linear range of the data is small and the esti-
mated gaps are ∆4/9 ∼ ∆4/7 ∼ 0.2K.) Unlike in GaAs,
here, ∆1/3 is smaller than ∆2/5. We believe that this
difference is due to the close proximity of the 1/3 state
here to the high B field insulating phase.
The two sequences of FQHE states evolving toward
ν = 1/2 from ν = 2/3, 3/5, and 4/7, and from ν = 1/3,
2/5, and 4/9 follow the two-flux composite fermion se-
ries of ν = p/(2p± 1). It shows that the CF model still
applies in our multi-valley strained Si system. In Fig. 3,
we compare the ρxx data around ν = 1/2 (or Beff = 0)
and that around B = 0. It is clear that there exits a
one-to-one correspondence between the IQHE states and
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FIG. 3: Comparison of the two-flux CF series around ν = 1/2
and the IQHE states around B = 0. The IQHE trace was
taken at an elevated temperature of T ∼ 0.3K. The x-axis is
1/ν for electrons and 1/p for CFs.
FQHE states — the positions of the ρxx minima and
their relative strengths — for the same value of ν and
p. For example, the wide range of vanishing ρxx in the
ν = 1/3 FQHE state corresponds to a similar range of
vanishing ρxx in the ν = 1 IQHE state. A relatively
weaker ν = 2/5 FQHE state corresponds to a less ex-
tended vanishing ρxx region of the ν = 2 IQHE state.
More interestingly, the weak ν = 3/5 state (the missing
ν = 3/7 state) when compared with the nearby ν = 2/3
and 4/7 states (ν = 2/5 and 4/9 states) resembles what is
seen between ν = 2 and ν = 4 where the ν = 3 minimum
is also the weakest. This similarity also appears in the
temperature dependence (not shown). The fact that the
ν = 3/5 FQHE state is more easily destroyed by raising
the sample temperature than the ν = 4/7 state resem-
bles again what has been observed in the IQHE regime,
where the ν = 3 state also is more easily destroyed than
the ν = 4 state. For the two weak minima at ν = 4/5 and
8/11, they correspond to the FQHE states of electrons at
ν = 4/3 and 8/5. On the other hand, these two states
can also be mapped to the IQHE states at p = 1 and 3
of the CFs with four flux quanta forming at ν = 3/4[16].
The similarity between the IQHE states and the FQHE
states has long been seen in the GaAs/AlGaAs system
and was, in fact, the primary motivation for the compos-
ite fermion model. It maps the FQHE of electrons onto
the IQHE of CFs and thus naturally explains the one-to-
one correspondence in the B field positions of ρxx min-
ima. Moreover, the CF model is successful in explaining
the relative strength of the FQHE states by relating their
many-body energy gaps to the single-particle CF Landau
level separations. Consequently, the larger p state, cor-
responding to a smaller CF Landau level separation, is
generally weaker. However, it is not obvious whether this
simple explanation still applies in the presence of other
degree of freedom, for example, in our case the valley
degeneracy. In the following, we show that, although a
little bit more complicated, the relative strength of the
FQHE in the strained Si can indeed be understood from
the single-particle CF Landau level diagram.
First, we recall the physical origin of why the ν = 3
IQHE state is weaker than the nearby ν = 2 and 4
states. In strained (100) Si, where the two conduction
valleys perpendicular to the surface are lower in energy,
the strength of an IQHE state is determined by four
energy scales — the Landau level separation (h¯ωc), its
level broadening(Γ ), the Zeeman splitting (gµBB), and
the valley splitting (∆v). The magnitude of ∆v is par-
ticularly important to the odd IQHE state. As shown
schematically in the inset of Fig. 1, the energy gap of an
odd IQHE state depends directly on ∆v. Since the val-
ley splitting is generally smaller than the Landau level
separation and Zeeman splitting, this explains why the
ν = 3 state is weaker than the nearby ν = 2 and ν = 4
state. To estimate ∆v, we use the fact that the odd
IQHE state appears when ∆v ≥ Γ . For our specimen,
Γ = h¯/τ = h¯e/mτ ∼ 0.3K, where τ is the transport
lifetime, m = 0.2me is the effective mass of the electron,
and µ = 250, 000cm2/Vs. Based on our observation that
the first resolved odd integer state is ν = 11, we estimate
∆v ∼ 0.3K at B = 1.0T.
In the FQHE regime, CFs form at ν = 1/2[1, 2,
3, 4, 5, 6]. When B deviates from B1/2 (the B field
at ν = 1/2), the CFs see a reduced effective B field,
Beff = B − B1/2, and form Landau levels with a level
separation of h¯Beff/m
∗ (m∗ is the CF effective mass),
giving rise to the IQHE of CFs. The IQHE state at Lan-
dau filling p of the CFs corresponds to the FQHE state
of electrons at the filling ν = p/(2p±1). To draw the CF
Landau level diagram, again, we need to know the four
energy scales — the CF Landau level separation (h¯ω∗c ),
its broadening (Γ ∗), the Zeeman splitting (E∗z ), and the
valley splitting (∆∗v). To estimate the Landau level sepa-
ration, we use the effective mass, m∗ ∼ 1.4me, obtained
from a scaling argument[16, 17, 18]. At p = 3 (or ν = 3/5
and 3/7), h¯ω∗c ∼ 3K. The CF Landau level broadening
Γ ∗ = h¯e/m∗µ∗ ∼ 1K, where µ∗ is the CF mobility.
We calculate it from the resistivity at ν = 1/2, using
µ∗ = 1/neρxx(ν = 1/2) ∼ 7.5 × 10
3cm2/Vs. As to the
CF Zeeman splitting, we recall that the effective g-factor
of the CF is the same as that of the electron[19]. Conse-
quently, E∗z = g
∗µBB ∼ 30K. Since E
∗
z ≫ h¯ω
∗
c , the spin-
degeneracy of the CF Landau level is completely lifted
and the CFs can be viewed as spinless. Finally, from the
similarity in ρxx between the CFs and the electrons, we
conclude that at p = 3 the two-fold valley degeneracy is
also lifted for the CFs. Following the same criterion that
∆∗v ∼ Γ
∗ for the first resolved odd IQHE state of the
4CFs, we estimate a valley splitting ∆∗v ∼ 1K.
Finally, a close examination of the temperature depen-
dence of ρxx reveals a transition from the FQHE state at
ν = 1/3 to an insulating state at higherB fields, as shown
in the inset of Fig. 2a. The critical B field, at which the
ρxx is temperature independent, is Bc ∼ 37.6T, and the
critical resistivity is ρxxc ∼ 80kΩ/square. This ρxxc is
considerably larger than h/e2 ∼ 26kΩ/square, observed
in GaAs for the same transition[20].
To summarize, we have observed around ν = 1/2 the
principal FQHE states, corresponding to the two-flux
CF series p/(2p ± 1), at ν = 2/3, 3/5, 4/7, and at
ν = 4/9, 2/5, 1/3 in a high-mobility two-dimensional
electron system in the strained Si layer of a (100)
Si0.75Ge0.25/Si/Si0.75Ge0.25 quantum well structure. The
strengths of the two-flux CF series display a striking re-
semblance to those of the IQHE states of electrons, in-
dicating that the two-fold degeneracy of the CF is lifted
and an estimated valley splitting of ∼ 1K. Our results
show that the CF model still applies to the multi-valley
Si/SiGe system.
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